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Asymmetric Coupled CMOS Lines—An
Experimental Study

Uwe Arz, Student Member, IEEBylan F. Williams Senior Member, IEEEDavid K. Walker, and Hartmut Grabinski

Abstract—This paper investigates the properties of asymmetric CMOS technology. The vias connecting the probe contact pads
coupled lines built in a 0.25xm CMOS technology over the on the top metal layer (metal 6) with the second metal layer
frequency range of 50 MHz to 26.5 GHz. We show that the natq 2) where the coupled-line systems are built, may affect

frequency-dependent line parameters extracted from calibrated th ts. Th i that t the via stack
four-port_scattering-parameter measurements agree well with 1€ Measurements. fhe access lines that connect the via stac

numerical predictions. We also demonstrate by measurement and P€low the contact pads with the coupled-line segment in the
calculation that the two fundamental modes of the coupled-line second metal level are subject to the same substrate effects as

system share significant cross power. To our knowledge, this is the coupled-line segment, and must also be accounted for.
the first (_:omplete_t_experlmental characterization of asymmetric In our approach, which is based on the method presented in
coupled lines on silicon ever reported. - - .
[8], we express the electrical characteristics of the coupled-line
Index Terms—Coupled mode analysis, integrated circuit inter-  system in terms of the frequency-dependent transmission-line
connections, measurement, multiconductor transmission line, pa- ,arameters. The analysis uses the electrical model for multicon-
rameter estimation, silicon. . ; . .
ductor transmission lines and the nonlinear-regression method
presented in [8]. However, [8] utilized a series of two-port mea-
|. INTRODUCTION surements to characterize the coupled lines. Here, we investigate

RANSMISSION lines on semiconducting substrates ha\%?e more general problem of asymmetric coupled lines on a con-
T been investigated for many years. In 1971, Hasege&h uctive substrate with the aid of fully calibrated four-port scat-

presented an analysis of microstrip lines on an Si»Sig@tem tering-parameter measurements of the coupled lines, using the

[1]. Since this classic paper, numerous papers have been pﬁg;e—of—the—art on-wafer measurement and deembedding tech-

lished, mostly dedicated to quasi-TEM analyses and the devapues described in [5], [11], and [12]. We pay special attention
opmer’n of simple equivalent-circuit models to the parasitic effects in the test structures (contact pads, vias

Most of the publications dealing with the experimentaﬁemeen different metallization layers, and access lines).

characterization of these transmission lines have been restricte here"?r possible, we use the qu§3|-analyt|cal method of
to the single-mode transmission-line case [2]-[5]. Refereng@ to verify the expenmen?al data. This procedure _calculates

[6] and [7] report on scattering-parameter-based coupled-li frequgncy-dependent line paramgters of muIUconductor
measurements ogonductivesubstrates. However, [6] and [7]transm|55|on-l|ne systems on conductive substrates from their
assume that the relationship between modal and condu qus—ksecuft?nal _date;. Thlsd|s pased bon the ?fssumptmlm Lhat
quantities is fixed and frequency independent. As a result, t SI ne iCL n t edcon uctive su strz'a:te ﬁ ects Onﬁ/ tkg

measurement methods described in these references are aﬁ |F—u ation of the impedance parameters. Furthermore, the skin

cable only to symmetrical coupled-line systems. Referenciect in the signal and ground conductors is neglected. We also
[8] and [9] investigate asymmetric coupled linesinaulating use the quasi-analytical calculations of [13] to demonstrate the
substrates influence of the substrate conductivity on the transmission-line

In this paper, we study asymmetric coupled lines built on %alragetgrs. VI . . h dal behavior of th
conductive substrate. We extend the study reported in [10], ex-N ection » We |nvest|gate_t € modalbehavioro the asym-
amining not only the matrices of transmission-line parametefg,etr'c coupled lines by det_err_nmlng the ratio of cqnductor volt-
but also the effects of substrate conductivity, the relationsh"i}ges forﬁ- anddg-mode exr(]ntatlon% ar:jd by cal?ulat:jng t?e Cross
between modal and conductor representations, and the m er share _etwegnt e two fundamental modes from mea-
CroSS powers. sured and predicted line-parameter values.

The high conductivity of the CMOS substrate leads to a com-
plex frequency-dependent behavior. The conductors are built [I. EXPERIMENTAL SETUP

in the second metallization layer of a six-metal-layer O.25- The cross section of the lines we studied is shown in

Fig. 1(a), and the top view of the coupled-line system is shown
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Fig. 1. Test structures. (a) Cross section. (b) Top view.
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Fig. 2. Characteristic impedanég and propagation constafnit= « + j 3 of the 1um-wide access lines in metal 2. (a) Magnitude and phase of characteristic
impedanceZ,. (b) Real ¢v) and imaginary §) parts of the propagation constanf(

grounds composed of via stacks connecting the substrate andpled lines. Here, we employed the “calibration comparison”
all six metallization layers together are located on each siderakthod [5], which is designed to be insensitive to large con-
the coupled lines. The distance between the grounds and thet-pad capacitance, to determine the characteristic impedance
center of the coupled-line structure is pB. Zy of the access lines. We then used this information to reset
We used on-wafer probes to connect to the four®0 x  the reference impedance of the second-tier TRL calibration to
50 ;zm contact pads on the top metal layer. Via stacks conné&f 2. This procedure determined an “error box” describing the
the contact pads to the access lines of the coupled-line systetrctrical behavior of the contact pads, vias, and access lines.
which were fabricated in the second metal level. The width of Fig. 2 shows the characteristic impedarieand the prop-
the access lines is;Am, and their length is 200m. The lengths agation constant of the 1um-wide access lines fabricated in
of the coupled-line segments are 0.5, 1.0, and 2.5 mm. the second-level metal. The solid lines indicate measurement
We also fabricated test structures to characterize thesults obtained using the method of [5], and the dashed lines
single-mode access lines. Thesgr-wide lines were built in correspond to calculations obtained using the gquasi-analytical
the second metal level and had lengths of 0.5, 1.0, and 2.5 nprocedure of [13]. The negative phaseZy indicates that the
longitudinal losses are dominant.
The agreement is excellent over the entire frequency range of
. M EASUREMENT AND DEEMBEDDING PROCEDURE 0.2-40 GHz. The maximum deviations observed between the
measured and calculated values of Fig. 2 correspond to relative
We used two-port measurements to characterize the contamters of less than 2.5%. Considering the difficulties typical of
and access lines. We first performed a®0nultiline thru-re- on-chip probing on silicon these results rank among the most
flect-line (TRL) reference calibration [11] in coplanar linesaccurate ever reported.
fabricated on a semiinsulating gallium—arsenide substrate, and he calibration procedure used for the four-port measurement
moved the calibration reference plane back to the probe tigsdescribed in [12]. It eliminates the need for orthogonal cali-
We then performed a second-tier TRL calibration in the accdsmation standards, and requires only three in-line calibrations.
lines on the silicon substrate, in which we had fabricated tfA® this end, we again used the multiline TRL procedure [11].
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Fig. 3. Resistances per unit length. Fig. 4. Inductances per unit length.
Since the initial reference-plane position of the four-port cali-
bration was “at the probe tips,” we used an additional deembed 6
ding step for the access lines. We employed the error boxesde | 5% Confidence Intervl
termined by the second-tier TRL calibration in the access lines x Caleulaion
for this purpose, using the propagation constant from the TRL 4 Measurement J Con
calibration to set the reference planes to the beginning of the X KK X
coupled-line segment (markedin Fig. 1). E =
Ea; 2 h / cli
IV. COUPLED-LINE ANALYSIS U:? by
The coupled lines we study support two dominant modes, c
which are commonly called theands modes, and which cor- 0 . e o2
respond to the even and odd modes in the symmetric case. Tt
relationship between modal (subscrip} and conductor repre-

sentations (subscrig) of the voltage and current vectors in a 2
multiconductor transmission line is given by [14]
Frequency (GHz)

v. =M, andi. = M;i,,. 1
c vem ¢ v ( ) Fig. 5. Capacitances per unit length.;> is negative due to the current
definitions used to define the conductors parameters (see [14, Fig. 4]).
These vectors satisfy the transmission-line equations

We estimated the line-parameter matrices from the four-port
measurement data using the weighted orthogonal-distance re-

) ) ~gression algorithm of [16] and the procedure in [8]. This pro-
where the matrices of conductor impedances and admittangggre solved for all of the elements B, L., G., andC, at
per unit length are defined b¥. = R. + jwL. and Y. = o5cn frequency point independently.

Using the method of [13], we calculated the starting values
We chose the voltage paths between each of the two condyg-the |owest frequency. We then used the results of the opti-

tors and the ground. We then used the method of [8] to determifg, aion at each frequency point as starting values for the op-
M., M;, and the matrices of the line paramet#s L., G., (imization at the next higher frequency point. Additional inves-
andC. in the conductor representation of [14]. The vectars (jgations showed that the optimization algorithm converged to
ands. are power normalized according to the theories presen{gf, 51y identical results even when the dc values were chosen
in [14] and [15]. This is equivalent to the requirement that theg 1, starting values over the entire frequency range.
total complex powep carried in the forward direction is Reference [8] compares two methods of determining
R., L., G., andC.. The first method, which we employed
p=1in Xv, =i.fv. (3) here, determine®., L., G., andC, directly, but ignores the
four-port error boxes describing the discontinuities where the
where the diagonal elements of the cross-power m&riare access lines connect to the coupled lines. The second method
equal to one and indicates the Hermitian adjoint (conjugatestudied in [8] requires that the capacitance be flat @Ghdoe
transpose). small, but accounts for the four-port error boxes.

dv./dz = —Z i, and di./dz = =Y v, (2)
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Fig. 6. Influence of substrate resistivity & 10 000 S/m versug = 0.01 S/m). (a) Resistance per unit length of coupled-line system. (b) Inductances per unit
length of coupled-line system.

In our analysis, we ignored the four-port error boxes that reg 1.0 25
resent the discontinuities between the single-mode access lir [ =
and the multimode coupled-line segment. We felt that this wa 0.8 7 ' 20
justified by the small sizes of those discontinuities. Althoughwe - .
did notimplement the second method of [8], which does accout Q'_d 0.6 ' v cmode I'Zc,gczll 15 QE
for these discontinuities, the measurements we reported here =° o 2°
dicate thaiC, is flat enough and?. small enough to allow its g 04 T cueation 0 3
use. f ) E
We also used the regression method of [16] to characterize tl
random error in the redundant four-port measurement data. Tl 02 5
analysis determines 95% confidence intervals for the estimate
results over the entire frequency range under the assumption t 0 0
the error sources in the experiment are entirely random, ind: 0 5 10 15 20 2
pendent, and normally distributed. Figs. 3—5 show the estimate Frequency (GHz)

line parameters of the asymmetric coupled-line system (labeled , o
“measurement”), the lower and upper bounds for the 95% Cdﬂg. 7. 'Rtano ofI conductor voltages of thend= modes. Arrows indicate the
fidence intervals, and the line parameters calculated from t?]pé)mpnae seales:
quasi-analytical formulas given in [13] (labeled “calculation”).
The values estimated for the eleme@ts which are not pre- V. SUBSTRATE EFFECTS
sented here, are all smaller than 0.02 S/cm over the whole freHasegawaet al. [1] identify three typical regions of op-
quency range and do not have a significant effect on the siggghtion in their paper on the analysis of microstrip lines in
propagation behavior of the coupled-line system. We verifiegf_g;, systems: the “slow-wave” region, the “skin-effect”
this _assertion_ b_y fi)_(ing all elements 6f. to zero during the region, and the “dielectric quasi-TEM” region. However,
nonlinear optimization process. The results@randL. Were s ¢lassification is introduced for the case of a single-mode
virtually indistinguishable, and the elementsidf deteriorated yansmission-line system only. It is the purpose of this section
only slightly when compared to the calculations of [13]. to investigate whether similar phenomena can be observed in
The agreement between measured and calculated Valueéoﬁpled CMOS transmission lines as well.
good over the entire frequency band. However, some of the calyyom the results reported in [8], we know that the resistances
culated values fall outside of the 95% confidence intervals faf,q inductances per unit length only show a weak dependence
the estimated parameters. This is a clear indication that thgiene frequency for insulating substrates. We also tried to ex-
is still some systematic error in e|ther the measurements or th&ine this aspect for the CMOS coupled-line system by calcu-
calculations. Sources of systematic error in the measuremegitq the line parameters for the test structures of Fig. 1, but

include our neglect of the four-port error boxes describing thgssming that the substrate conductivity is very low. The com-
transition between access lines and coupled-line segment. Eéfison to the actual values is shown in Fig. 6.
rors in the calculation using the method of [13] can probably be
traced back to uncertainties in the information from the man-, _ } ) ,

fact bout the cross-sectional barameters of the six-la In [1], Hasegaweet al. are speaking of “modes” of operation. In order to
uracturer abou I p IX-1a%6did confusion with the and= modes discussed in Section IV, we prefer to

CMOS process. speak of “regions” of operation, which we believe to be a more appropriate term.
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Fig. 8. Magnitude of modal cross power. Arrows indicate the appropriate scales for the plotted data. (a) Magnitudeanti X ... (b) Magnitude of
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The resistances and inductances per unit length on an insuwe also tried to identify the frequency region where the cross
lating substrate stay nearly constant with frequency. Howevpgwer rises by examining the frequency-dependent propagation
the resistance and inductance of our structures is clearly fomnstantsy. and~,.. References [17] and [18] predict a rise in
quency dependent. This leads to the conclusion that the mtee cross power at frequencies whereand~,. are close. The
sured frequency dependence must be attributed to the skinarresponding curve dfy. — v-|/v/|7.v=| in Fig. 8(b) shows
fect in the substrate. This is also confirmed by the fact that tkieat the difference between the propagation constants decreases
skin depth at our highest measurement frequency of 26.5 Gitith frequency. This indicates that the physical mechanisms
is 0.59.:m in the conductor metal and 30.@n in the substrate. leading to increased cross-power levels on lossy conductive sub-
Thus, the skin effect in the conductor metal plays only a minstrates might be different from the ones observed in low-loss

role and can be neglected. waveguides, where the cross powers rise over narrow frequency
bands when the propagation constants of different modes be-
VI. MODAL CROSSPOWER come extremely close.

While the experimental data were available only up to

Fig. 7 shows the ratios of conductor voltage magnitudes.5 GHz, we were able to carry out the calculations of the line
|ve1 /vez| for the c andw mode determined from our measureparameters with the method of [13] to 100 GHz. One obvious
ments and calculations, which we determined from (1) usingdifference between the results reported here and in [17] is
that the modal cross powers for the asymmetric structures

Vo1  My11 Ve Mo investigated here do not vanish for the limiting case of very
v~ Moo (c-modg and o2~ Moo (m-modg. (4) high frequencies, as can be seen from Fig. 8(b). Further inves-
tigations will be necessary to clarify the behavior predicted by
&]1_%] at the highest frequencies.

Fig. 7 shows that these ratios are strongly frequency dep
dent, and confirms that the elementsidf,, which describe the
relationship between modal and conductor voltages, cannot be
treated as fixed values. This clearly shows that the assumptions
of the methods in [6] and [7] would fail in the case of asym- In this paper, we have investigated the properties of asym-
metric lines. metric coupled transmission lines built in a six-metal-level

Fig. 8(a) and (b) compares measurements of the off-diagoMOS process. The on-wafer measurements presented
elements of the modal cross-power matki{see (3)] to calcu- here agree closely with quasi-analytical calculations over a
lations based on the line parameters determined by the quasifanvad-band frequency range. Measurement and calculations
alytical method of [13]. Measurement and calculation are in fashow that the skin effect in the highly conductive silicon
agreement. substrate leads to a strong frequency dependence of the line

Fig. 8(a) shows that the cross power shared betweenahd parameterd?. andL.. This effect was further investigated by
7 modes of the asymmetric coupled-line system cannot be memparing to calculations with a low-conductivity substrate.
glected, even at moderate frequencies. The physical reasons fie also have demonstrated by measurement and calculation
this behavior have been investigated in [17] for the case otlzat the relationship between modal and conductor quantities is
nonconductive substrate. Despite the fact that the line pararfrequency dependent, and that the two dominant modes share
ters of the coupled-line structures investigated here have a maganificant levels of cross power at moderate frequencies. This
stronger frequency dependence than in [17], we also obsenievgestigation shows that, for the important and practical case of
significant rise in the cross power at intermediate frequencie€MOS transmission lines, power-normalized equivalent-circuit

VII. CONCLUSION
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theories, such as those outlined in [14] and [15], are required fqL7] D. F. wiliams and F. Olyslager, “Modal cross-power in quasi-TEM

an adequate treatment of these common circuit elements.

transmission lines,IEEE Microwave Guided Wave Lettol. 6, pp.

413-415, Nov. 1996.
[18] D. F. Williams, “Thermal noise in lossy waveguidet£EE Trans. Mi-
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